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The  recent  discovery that,  contrary  to  previous  belief,  a  viremic  phase 
occurs in poliomyelitis (1-7), has made it necessary to reconsider the blood 
as a possible source of invasion of the CNS, in addition to axonal transmission 
through  peripheral  nerves  (8-10).  Although  postulated by Draper  (11)  and 
more recently by Bodian (5), blood-borne entry has received very little direct 
study. That paralytic poliomyelitis can be experimentally produced by intra- 
venous injections of virus was demonstrated in  1914 by Flexner and Amoss 
(15) but they noted that very large dosages were required, which were vastly 
greater  than  those necessary to infect by direct  exposures of neural  tissues, 
and they called attention to the fact that, in order to pass from blood to nerve 
cells, virus must overcome the obstacle presented by the intervening  tissues 
("blood-brain barrier").  We,  too,  have occasionally succeeded in  producing 
paralytic  infection  by  large  intravenous  inoculations  (16)  but,  as  will  be 
shown,  this method frequently fails.  Apparently,  the body possesses  certain 
protective mechanisms  against  viremia  independent  of specific humoral  im- 
munity, but whether, and to what extent,  the "barrier" participates in such 
defence are questions that remain unanswered. 
It is characteristic of poliomyelitis that its lesions have a preferential local- 
ization in the lower brainstem and in the spinal cord, while  the evolution of 
the clinical  picture  (17)  suggests that  infection begins in the brainstem with 
secondary invasion of the cord through axonal channels.  This histopathological 
pattern has been found by us (8-10) to result from both traumatic and non- 
traumatic  exposures with invasion through  peripheral  nerve routes,  and  will 
be discussed in detail in another paper of this series. Bodian (5) has outlined a 
similar,  hypothetical pattern for viremic invasion,  with entry at a single point 
of heightened  vascular  permeability  (area  postrema?)  in  the  medulla,  also 
followed by secondary axonal spread. The latter has not, however, been actu- 
ally demonstrated. An alternative hypothesis, therefore, deserves exploration: 
* Aided by grants  from The National Foundation  for Infantile Paralysis,  Inc.,  and  from 
Mr.  Brayton  Wilbur  of San  Francisco. 
383 384  ENTRY AND  EGRESS OF POLIOMYELITIC INFECTION. VIII 
that while viremia lasts all portions of the neuraxis are equally and continu- 
ously exposed  to virus,  and  invasion of  the  CNS  might  occur at  several or 
many points as the result of penetration of the glial blood-neuron "barrier" with 
localization governed  in  part  by  chance  and  in  part  by  the  distribution of 
susceptible nerve cells. 
The present study has been designed to elucidate these and certain related 
problems by observing histologically the effects of viremia artificially induced 
by  different  methods:  intravenous  inoculation;  inoculation  into  the  carotid 
artery,  which  supplies the  largely insusceptible upper  portions of the  CNS; 
and  inoculation into  the  vertebral artery,  which  supplies its lower portions, 
where the chief effects of poliomyelitis are found in the natural disease. In all 
the experiments, approximately equal inocula of the same strain of virus were 
used. 
Materials and Methods 
Virus.--The highly invasive Wis'4$  strain (Type 1)  was  used  throughout.  Part of the 
suspensions was stock, with PD~ 4.9; and part was an  unfitrated but  active preparation, 
similarly  prepared and with comparable effects, which has been assumed to have an equivalent 
titer. 
Monkeys.--Macaca irus (cynomolgus) monkeys supplied by Okatie Farms, Pritchardville, 
South Carolina, were used,  averaging S to 8 pounds (2.3 to 3.6 kg.). 
Technic of lnoeu/a/icns.--Intravenous injections were into the femoral vein. Intra-arterial 
injections were  into the common  carotid and vertebral artery, respectively,  after suitable 
dissections in the neck and under ether anesthesia; these were kindly performed  for us by 
Dr. Victor Richards of the Stanford Department of Surgery. 
Preparation of Tissue  for Histological Examination.--Under ether anesthesia the animals 
were exsanguinated  and then perfused with 10 per cent formalin containing  1 per cent acetic 
acid. Portions of the CNS were selected from the areas named in the individual protocols, 
embedded in paraffin,  cut into sections  10 z  thick, stained with gallocyanin,  and examined 
semiserially. 
PROTOCOLS OF  INDIVIDUAL EXPERIMENTS 
Series 1.--Histopathology after Intravenous Inoculation. 
Four monkeys were each inoculated into the femoral vein with 1.0 ml. of virus suspension 
containing 6000 PD6o. Two animals were sacrificed 3 days, and two 5 days later. None of them 
had shown any signs of infection.  A total of 1019 sections from  the CNS were  examined, 
divided about equally between the four animals: with averages of $ from the prefrontal cortex, 
62~.~ from  the striatum, diencepbalon,  and midbrain; 52 from  the pons and  medulla,  and 
1351/6 from the cord (all levels). 
Results of Histological l~.xaraination.--No definite lesions were found in any of the sections, 
excepting  one very minute parenchymal infiltration of dubious significance in the thalamus 
of each of two animals. The area postrema was normal. 
Summary  of Resulis.--No  evidence  of  invasion  of  the  CNS  was  observed 
at 3 and $ days after intravenous inoculation. 
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Four monkeys were inoculated in the carotid artery, with 6750  PDs0 of virus. One was 
sacrificed  3 days; one 4 days; one, 8 days later. None of these showed any symptoms. The 
fourth animal developed bulbar paralysis on the 6th day, and was sacrificed the following  day, 
when paralysis of the arms and back had also developed. A total of 1741 sections of the CNS 
were examined from the first 3 animals: with averages of 14 from the prefrontal cortex; 62 
from the striatum, diencephalou, and midbraln; 57 from the pons and medulla, and 447 from 
the spinal cord (all levels). From the paralyzed animal, samplings were taken from the same 
areas for diagnosis and appraisal. 
Results of Histological Exami~tion.--In  the 3  day animal no lesions were detected.  In 
the 4 day animal,  a  few minor perivascular and parenchymal infiltrations without signs of 
neuronal damage, were found in the striatum,  thalamus,  and midbrain, but none below this 
level. In the 8 day animal no lesions referable to the current inoculation were found; the only 
abnormality  observed was a  linear area of mild tissue reaction without  neuronal damage, 
referable to an intrathalamic injection performed 33  days before for a  subinoculation test, 
which  was  evidently  negative.  In  the  paralyzed  animal,  perivascular,  parenchymal,  and 
neuronophagic lesions were widespread through the brainstem and cord. A few cuffs of exudate 
were seen near the inner side of the ares postrema, but not within it. 
Summary of Results.--In two monkeys no significant lesions were observed; 
in one, a  few minute ones in the rostral regions supplied by the carotid artery 
were found;  and  in  one,  lesions were extensive,  but  the  initial paralyses  indi- 
cated entry in the pons and medulla. 
Series 3.--Inoculation into the Vertebral Artery. 
6000 PD~0 of the same virus was injected into the vertebral artery of each of four monkeys. 
Two were sacrificed before symptoms appeared, on the 3rd and 5th days, respectively; one was 
found dead on the 4th day; and one was sacrificed on the 10th day, spinal paralysis  (both 
legs, one arm) having appeared on the 8th. A total of 925 sections of the CNS were examined 
from these four; with averages of 10.5 from the striatum,  diencephalon, and midbrain; 85.5 
from the pons and medulla, and 135.3 from the cervical cord. Sections were not examined from 
the  prefrontal  cortex nor from  the cord below the cervical level. The posterior horus  were 
much less severely involved. No lesions were found within the area postrema, and such cuffs 
as were found in its vicinity appeared to be part of the generalized process. 
Results of Histological Examinati~m.--The lesions in all eases were similar in kind and dis- 
tribution,  varying somewhat  only in degree, and need not be described individually in all 
details. Relatively mild in the upper brainstem, they increased in extent and intensity in the 
pons and medulla and reached a maximum in the cord. In the brainstem they consisted chiefly 
of cuffing and scattered areas of parenchymal infiltration, accompanied by signs of neuronal 
damage, mainly neuronophagia, in the various motor centers (V, VI, VII, X, XI, XII), but 
none of these was extensively involved. In the cord, however, the anterior horn cells were 
very severely and extensively damaged, showing advanced ehromatolysis, necrosis, and neuro- 
nophagia. In the animal found dead at 4 days, nearly all the motoneurons were destroyed, 
while in the others, destruction was estimated at 50 to 70 per cent of the total cell population, 
most of the neurons remaining intact  being situated  in the lateral aspects of the anterior 
horns. In the first 3 cases,  many polymorphonuclear leucocytes in the infiltrative and neuron- 
ophagic Iesions attested the fact that infection was in its very early stages. 
Summary of Results.--Extensive involvement of the regions supplied by the 
vertebral artery,  notably  the pons,  medulla,  and  particularly  the spinal  cord, 386  ENTRY  AND  EGRESS  OF  POLIOMYELITIC  INFECTION.  VIII 
presented the picture of a  simultaneous invasion of these areas, with penetra- 
tion through  the blood-neuron "barrier" at many points, generally with pre- 
dilection for the most susceptible neuron groups (motoneurons). The findings 
were in striking contrast to those of intravenous and intracarotid inoculation. 
No evidence of primary invasion through the area postrema was found. 
DISCUSSION 
Allowing for obvious differences in the intensity and duration of viremia in 
our experiments as compared with that occurring in human poliomyelitis and 
in animals exposed to infection by feeding, we believe that our observations 
have  relevance  to  certain  problems  of blood-borne  infection  in  the  natural 
disease, particularly as regards the CNS.  Comparisons of the results of intra- 
venous with  intra-arterial  inoculations  and  of carotid  with  vertebral artery 
inoculations throw light on three different aspects of viremia: (a)  the ability 
of the body tissues  to remove virus from the blood stream; (b) the factor or 
factors responsible for the localizations of poliomyelitic infection in the  CNS; 
(c)  the  part played  by  the  glial  blood-neuron barrier  1 in preventing access 
of virus to the nerve cells. 
Since approximately equivalent amounts of virus were introduced into the 
blood in  all our present experiments,  the  complete escape of the  CNS  from 
infection in four animals after intravenous inoculation,  in contrast to its im- 
mediate and heavy involvement after inoculation into the vertebral artery in 
four others suggests that much or most of the virus entering the blood stream 
is quickly removed from the latter. That this process may be due to phago- 
cytosis by reticuloendothelial tissues is supported by Lennette's (12) recoveries 
of virus from the spleen after intravenous inoculation--an observation which 
we have confirmed (13)--and also by several recoveries of virus from human 
lymph  nodes  not  directly  connected  with  the  alimentary  tract  (axillary, 
inguinal,  etc.), as described in Wenner and Rabe's (14)  recent study and re- 
view. Lennette's observations also indicated that reticuloendothelinm destroys 
virus, since  the latter could be recovered from the spleen 24 hours after in- 
oculation but not at 3  to 5 days. This process of removal and destruction is 
not  always completely effective,  for  Flexner  and  Amoss  (15)  succeeded  in 
inducing  paralytic  infection  by  intravenous  injection--which  we,  too,  have 
1 This term is used instead of the customary "blood-brain barrier" to define more clearly 
the anatomical nature of the structures intervening between the blood and the nerve cells; 
these consist of glial ceils and their processes reaching to the capillary walls on the one side 
and to the neurocytes or the perineural spaces on the other, which probably play a part in 
the  exchange of nutrients  and  metabolites. The choroid plexuses and  the  pia-araclmoid, 
which are also regarded as "blood-brain barriers" probably play no direct part in poliomyelitic 
viral invasion, since, so far as we know, they are impermeable to the virus, as witness the 
regular absence of virus in the CS fluid, (20) and the experiments of Howe and Peele (21) who 
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done (16)--but only by using very large amounts of virus; however, it appears 
to be of major protective importance. 
Comparison of the results of injections into the carotid and vertebral arteries 
provides a  striking and significant contrast, in which anatomy of the blood 
supply and the peculiar properties of the virus both play a part. The carotid 
artery supplies the uppermost portions of the brainstem, the corpus striatum, 
and the anterior portions of the cerebral cortex,  while the vertebral  artery 
supplies the lower brainstem and the spinal cord. The two systems communi- 
cate with each other through the basilar artery and the posterior communicat- 
ing arteries of the circle of Willis (which probably accounted for the single 
instance  of bulbar paralysis after intracarotid  inoculation). In general and 
with only a few exceptions, the carotids supply those areas of the CNS which 
are least susceptible or are completely refractory to poliomyelitis virus, while 
the vertebral arteries supply those areas which are most susceptible (the pons, 
medulla, and, above all, the anterior horns of the spinal cord (18,  19).  With 
identical exposures to virus by the two routes in our experiments, the slightness 
of  CNS  involvement after  carotid  inoculation and  the  heavy lesions  after 
vertebral artery inoculation, harmonize well with the different susceptibilities 
to poliomyelitis virus of the neurons supplied by the two arteries. 
No  evidence was found to  support  the hypothesis that virus passes pri- 
marily from the blood into the nervous tissues at a single point or area, such 
as the area postrema, of increased vascular permeability (5). On the contrary, 
the results of vertebral  artery inoculation present a  clear picture  of simul- 
taneous invasion at a great number of points in the lower brainstem and cord, 
an observation which indicates the blood-neuron "barrier" affords little if any 
protection of neurons against blood-borne infection in susceptible areas of the 
CNS, and that virus passes from capillary to nerve cell with great ease. Unless 
one postulates a radical difference in the protective efficacy of these "barriers" 
in the vascular beds of the carotid and vertebral arteries,  which seems im- 
plausible, the controlling factor in localization of lesions from viremia appears 
to be differential susceptibility of the neuronal population in the two areas. 
It would be interesting to know whether or to what extent the "barrier" might 
become more effective after immunization, but at present there are no data 
on this point. 
The initial localization of lesions after nerve-borne entry is different, with a 
very restricted distribution, usually in the pons or medulla, that is related to 
the particular peripheral nerve route of entry, such as the afferent trigeminal 
or vagus  (8,  9).  This  type of CNS  invasion forms the basis for secondary 
spread of infection by connecting axonal routes to other parts of the CNS. 
Our  impression  is  that  this process provides  a  better  correlation  with  the 
clinical picture at the onset than does viremia. The subject will be discussed 
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su~RY  A~  CONCLUSIONS 
1.  The effects of viremia on the CNS of cynomolgus monkeys were studied 
by comprehensive histological examination following inoculations of approxi- 
mately equal amounts of the same strain of poliomyelitis virus into the femoral 
vein,  carotid  artery,  and  vertebral  artery,  respectively, of four animals in 
each case. 
2.  The intravenous injections failed to produce lesions in the  CNS,  indi- 
cating that an effective mechanism exists for the removal of virus from the 
blood stream. While not absolute, the degree of protection of the CNS afforded 
by this mechanism appears to be of major importance. 
3.  Inoculations into the carotid artery failed to produce significant lesions 
in the CNS in two animals; only a few minor lesions in one; and bulbar paraly- 
sis in one. The neuronal areas supplied by the carotid artery are in general 
those of low susceptibility to poliomyelitis virus. 
4.  Inoculations into the vertebral artery, which supplies neuronal areas of 
high susceptibility, produced in all four animals severe symmetrical and widely 
distributed lesions in the brainstem, chiefly the motor centers of the pons, 
medulla, and cord, and maximal in the cord. Involvement of all of the various 
affected areas appeared to be simultaneous. 
5.  Viremic invasion of the CNS appears to occur at many points by direct 
passage of virus from capillary to neuron, and not at a single area of specialized 
vascular permeability. 
6.  Comparison of the two routes of arterial inoculation indicates that: (a) 
the localizations of CNS lesions from viremia depend largely upon the suscepti- 
bilities of exposed nerve ceils in a  given region; (b)  in areas of high neuron 
susceptibility  the  blood-neuron  "barrier"  does  not  present  an  obstacle  of 
importance to the passage of virus. 
7.  Invasion of the CNS from the blood results in a notable difference in the 
initial localization of lesions from that produced by invasion by way of the 
peripheral nerves, the latter tending to occur in isolated nuclear groups, usually 
in the lower brainstem, related to the regional supply. 
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